Abstract
A framework for the combination of near-field and far-field radio frequency electromagnetic exposure sources to the average organ and whole body specific absorption rates (SAR) is presented. As a reference case, values based on numerically derived SARs for whole body and individual organs and tissues are combined with realistic exposure data, which have been collected during the Swiss Qualifex study using personal exposure meters. The framework presented can be applied to any study region where exposure data is collected by appropriate measurement equipment.
Based on the results derived for the data in the region of Basel in Switzerland the relative importance of near-field and far-field sources to the personal exposure is examined for three different study groups. The results show that the 24 hour whole-body averaged exposure of an average mobile phone user is dominated by the use of his or her own mobile phone when a global system for mobile communication (GSM) 900 or GSM 1800 phone is used. If only universal mobile telecommunications system (UMTS) phones are used the user would experience a lower exposure level on average caused by lower average output power of the UMTS phones. Data presented clearly indicates the necessity of collecting band selective exposure data in epidemiological studies related to electromagnetic fields.
The data for the whole body and organ specific SARs derived from the numerical model presented in this paper can be used to derive the exposure of multiple sources in an everyday environment for use in epidemiological studies on possible specific and non-specific health effects caused by radio frequency electromagnetic fields when combined with the corresponding band selective exposure data. 
Introduction
Technologies using electromagnetic (EM) fields are more and more employed in our society.
Therefore, people are exposed to various sources in their vicinity such as mobile phones, cordless phones and base stations. In general, the contribution to the personal exposure can be divided into near-field (NF) and far-field (FF) sources with respect to the human body. NF sources, such as cell phones, are operating in the close vicinity of the body and are usually controlled by the user. They can cause temporarily high local exposure, whereas FF sources, such as radio base stations, are usually further away and thus lead to lower but rather continuous exposure levels. For a thorough study of potential specific and non-specific health effects, caused by radio frequency (RF) electromagnetic fields (EMF), the contribution of different radio frequency sources to the personal exposure of different organs, body tissues and for the whole body is required.
In the past different exposure proxies were used in order to classify different exposure groups. In Neubauer et al. [2007] the feasibility of epidemiological studies on possible health effects of mobile phone base stations is evaluated. An extensive discussion on previous approaches can be found together with a collection of references. In conclusion epidemiological studies are considered as feasible if the contribution of the different sources to the RF exposure can be assessed by appropriate means such as personal exposure meters. However, the combination of FF and NF sources by weighting with exposure data collected in the corresponding study area was not discussed so far.
In this paper a reference case for combining the contributions of NF and FF radio frequency electromagnetic exposure sources to the average organ and whole body specific exposure is investigated. Therefore, a detailed collection of numerically derived specific absorption rates (SAR) of whole-body averaged (WBA) and organ-specific averaged (OSA) for NF and FF F o r R e v i e w O n l y exposure scenarios are required. The corresponding SAR values are derived from numerical simulations using anatomical human body models as presented in Christ et al. [2010a] . Although a few studies have been performed to calculate WBA and OSA SAR values for different scenarios as in Kuehn et al. [2009] , Dimbylow et al. [2008] , Catarinucci et al. [2003] and Meyer et al. [2003] these results aimed to test compliance with given exposure limits from regulatory bodies and do not provide results of all sources which we are exposed to in everyday life. In order to close this gap, the WBA SAR and the OSA SAR are calculated using the Virtual Family Model (VFM) 'Duke' that is considered as representative of average male humans in the population [Gosselin et al., 2011] and the SAR values are provided for both NF and FF exposure sources at the required carrier frequencies of the RF services. The NF exposure scenario is represented by a cell phone, operating at the right head side of the human model, whereas the FF exposure scenario is characterized by the irradiation of the human model by plane waves. The normalized results from the numerical calculations are combined and weighted with the corresponding exposure values collected in the Qualifex study [Frei et al., 2009 ] to calculate the personal dose values in terms of time averaged SAR. The results show the relative importance of NF and FF sources to the personal exposure in the specific study area and can be used as exposure proxies in epidemiological studies on potential specific and non-specific health effects caused by RF sources.
Material and methods

Simulated exposure scenarios
For the simulations the commercially available simulation platform SEMCAD X (Version 14, Schmid & Partner Engineering AG, Zurich, Switzerland) and the 'Duke'-model [Christ et al., 2010a ] of 'The Virtual Family' were used. The 'Duke'-model is generated from a set of 
Near-field
The main contribution to the exposure from NF sources is caused by the cell phones and the cordless phones. These phones use either the GSM 900, GSM 1800, UMTS or DECT standard.
This exposure scenario is modeled by a cell phone, operating at the right side of the human model's head. As a phone model the (T250, Motorola, Schaumburg, IL, USA) is selected.
Simulations are performed at the operating frequencies of the services at 900 MHz, 1750 MHz and 1950 MHz. For both UMTS and DECT the simulation results from 1950 MHz are used, due to the low frequency separation of the UMTS uplink and the DECT band. The numerical computation was carried out according the procedure described in Christ et al. [2010b] . The WBA SAR and the OSA SAR are calculated for each carrier frequency separately and the results are normalized to an output power of the phone of 1 Watt.
Realistic exposure data
The simulated results of the WBA and OSA SAR are used to analyze the relative importance of NF and FF sources to the personal whole body or organ and tissue specific dose. Furthermore, the following calculations serve as an example how the simulation-derived data can be applied to exposure data collected with exposimeters in epidemiological studies. Figure 1 shows a flow graph of the applied method to calculate realistic FF and NF exposure doses. The required parameters for these calculations as well as their sources are listed. Within this scope, we used data from a Swiss personal RF EMF exposure survey (Qualifex study) [Frei et al., 2009] . In the Regarding exposure close to body sources we used data from the Qualifex main study, i.e., 1375 study participants that were randomly selected from the urban and suburban area of Basel, Switzerland. The results show that the volunteers used their cell phone on average 25.6 min/week and their DECT phone 61.6 min/week, see [Mohler et al., 2009] .
In addition to the usage data, we used data of the average output power measured at the antenna feed point of typical cell phones provided by literature. Table 2 summarizes the average transmission (TX) powers of the different services and the average call times. The values for GSM 900 and GSM 1800 are taken from Vrijheid et al. [2009] , where the average output power of GSM 900 and GSM 1800 cell phones was evaluated with software modified phones considering more than 500 volunteers in 12 countries. The average transmission power of UMTS 
where T is the reference time of T i . When T i is given in min per week then T would be 7×24×60 min. The "OSA Dose (service i , 24h)" can be obtained from the OSA SAR in a similar way.
Results
Simulation results
Whole-body averaged specific absorption rate
Far-field The results show a higher absorption for lower frequencies which can be explained by resonance effects and a larger penetration depth for lower frequencies. Table 3 and they are normalized to an output power of the phone of 1 Watt. The results show a higher WBA SAR for higher frequencies.
Organ-specific averaged absorption rate
With regard to potential health effects caused by RF EMF exposure, organs and tissues that directly or indirectly influence hormonal balance or cell growth are of greater interest, because they can serve as an indicator of possible influences of electromagnetic exposure. Therefore, we will focus only on the OSA SAR for the most important organs and tissues. In this context we chose 24 different organs and tissues as listed in Table 4 .
The simulation setup for the calculation of the OSA SAR is the same as for the WBA SAR calculation, see section Simulated exposure scenarios. the heart muscle has a maximum absorption at 100 MHz and a minimum at 2450 MHz, whereas the skin has a maximum at 2450 MHz and a minimum at 100 MHz. The reason for that is the higher penetration depth for lower frequencies. The OSA SAR NF is also calculated for NF exposure with a mobile phone that is attached to the head of the human body model. The calculations follow the method shown in Figure 1 .
Far-field
WBA dose
Far-field Figure 3 summarizes the results for the three examined study groups. It can be seen that people of Group I feature a higher "WBA Dose FF (24h)" than people of Group II and Group III. This can be explained by higher measured mean values [Frei et al., 2009 ] and a higher mean contribution of TV and radio stations to the FF exposure and the higher energy absorption at lower frequencies. The lowest "WBA Dose FF (24h)" is 35.2 mJ/kg for people of the study Group II.
Near-field Table 6 summarizes the "WBA Dose NF (24h)" for the three different mobile phone standards and for DECT. The transmission power for GSM 900, GSM 1800, UMTS and DECT and the call times are provided in Table 2 . Figure 4 shows the difference between the NF and FF WBA dose in logarithmic scale for an average mobile phone user of Group II (self-selected volunteers). The NF exposure was either caused by a GSM 900, GSM 1800, UMTS or DECT phone. The results show that the WBA SAR for NF is 5 dB higher than for FF exposure, when the GSM 900 mobile service is used exclusively. Using the GSM 1800 service leads to a difference of 2.9 dB, for UMTS to −16.9 dB and for DECT to 1.1 dB. In order to encounter the same WBA SAR for NF and FF sources the call time has to be decreased from 25.6 min/week to 8.1 min/week when using the GSM 900 The contribution of the different services to the "WBA Dose all (24h)" is shown in Figure 5 . The self-induced NF-exposure dose is indicated in the legends with the abbreviation 'self'. The results highlight that 80% of the dose is caused by the person's own mobile phone (GSM900self=64%, DECTself=16%) rather than by non-controlled sources in the surrounding environment. For a GSM1800 user the cell phone features a contribution of 52% and the DECT phone of 20%, whereas for a UMTS user the cell phone has a contribution of 1% and the DECT phone of 43% to the total exposure. 
OSA dose
Far-field
The "OSA Dose FF (24h)", which is caused by various FF sources, can be calculated by the summed product of the OSA SAR FF and the mean RF EMF exposure for different study groups, according to Equation 1. The first three columns in Table 7 summarize the "OSA Dose FF (24h)" for the three different study groups.
Near-field
In order to compare OSA dose values, caused by NF and FF sources for an average user, the "OSA SAR NF (24h)" is calculated according to Equation 2. The used transmission power levels and the call times are given in Table 2 . The columns "OSA Dose NF (24h)" in Table 7 shows the OSA dose values for an average mobile phone user, using either a GSM 900, GSM 1800 or UMTS phone. Furthermore, the OSA dose for an average DECT user is also listed. The results show that UMTS standard leads to the smallest OSA dose values, whereas GSM 900 caused the highest organ specific dose values due to the higher transmission power level of this standard.
Far-field vs. Near-field
Using the results of Table 7 , the "OSA Dose FF (24h)" can be compared with "OSA Dose NF ". The results show that the UMTS user encounters in average smaller exposure levels by NF than by FF sources for all analyzed organs. The reason for this is the lower average output power of a UMTS phone. Figure 6 compares the induced exposure for five different organs (brain grey matter, brain white matter, heart muscle, spinal cord and testis), caused by NF and FF sources.
The results show that the NF sources dominate the total exposure for the head for GSM 900, GSM 1800 and DECT. Only UMTS induces smaller OSA dose values than the FF sources. In order to encounter the same OSA dose for FF sources (Group II) and NF sources (UMTS phone) 
Discussion
In this paper a set of numerically derived specific absorption rates of whole body and individual organs are presented for NF and FF exposure sources. This allows calculating the absorbed dose inside the body for given exposure data from multiple sources assessed by studies using exposimeters. The results can be used to support deriving exposure proxies for epidemiological studies of e.g., non-specific health effects caused by RF EMF. The use of the data is demonstrated for exposure data collected during the Qualifex study. Based on these results the relative importance of NF and FF sources to the total personal exposure dose is examined.
The results show that the "WBA Dose(24h)" of an average mobile phone user (25.6 min/week) is dominated by the use of his or her own mobile phone when a GSM 900 or GSM 1800 phone is used. The UMTS user encounters on average smaller exposure levels by NF than by FF sources for whole body and all analyzed organs. This is also true for organs close to the phone, i.e., brain.
The reason for this is the lower average output power of a UMTS phone. For example, an average person that uses the UMTS standard exclusively, can increase his call time by a factor of 8.1 leading to total call time of 207 min/week in order to encounter the same dose caused by FF sources inside the grey matter of the brain.
The simulation results in the database refer each to a selected reference scenario, which are obviously subject to variations. For FF exposure, a scenario that represents an equal irradiation from the six main directions (2 polarizations each) was chosen. Analysis in the scope of variations for different irradiation scenarios showed in Vermeeren et al. [2009] that the wholebody averaged SAR for a realistic exposure exceeds the maximum average case of single plane The NF exposure scenario is represented by a phone model that is placed on the right head side of the virtual family male. Different factors such as the position of the phone model, type of the phone and the use of personal hand-free kits are affecting body exposure. When looking at the measured SAR values (averaged over 10g of tissue) of different mobile phone types in a homogeneous head, a factor higher than 13 between different devices can be observed in worst case, see SAR database [2011] . This fact leads to a variation of OSA and WBA SAR for different phones, which has to be examined separately and is out of the scope of this paper.
Therefore, further analysis are required in order to evaluate the variations of the WBA and OSA SAR such as phone type, phone position, human model and exposure scenario. However, the case presented here can be taken as a reference case where average scenarios were chosen together with available data from the literature on average power levels. Further work should focus on designing exposure assessment studies involving equipment able to record as much data as possible, in particular transmission power, position and operation mode of the mobile phone.
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